














 
Figure 1: Actionable insight from genetic epidemiological studies of malaria across a range 
of transmission settings This schematic depicts actionable insight that can be obtained from 
genetic epidemiological studies of malaria across a range of transmission settings, from high 
transmission (pink) on the left to low transmission (grey) on the right. Here both imported (stars) 
and local (points) infections are shown that may origin from different parasite lineages (various 
colors). In high transmission settings, parasites mix panmictically, polyclonal infections are 
common, and the goal is to evaluate the effectiveness of ongoing interventions Genetic correlates 
of declining transmission (e.g. diversity) can provide sensitive indicators of the impact of an 
intervention. At intermediate transmission, parasites may cluster into interconnected populations. 
The goal is to delineate regions into units for targeted intervention, and to identify sources that 
seed transmission for maximally efficient resource allocation. In this setting, models 
incorporating human mobility and genetic measures of parasite relatedness can provide 
directional estimates of connectivity between parasite populations. At very low transmission 
most infections are imported. The goal is to identify origins of imported parasites, quantify any 
onward transmission and, if onward transmission exists, the average length of local transmission 
chains. Models incorporating detailed case data, including genetic data and travel history, can 
reconstruct transmission chains to infer who acquires infection from who and how (WAIFW).  
 
 

CBA

Transmission

B
ar

rie
r 

to
 g

en
e 

flo
w

Source

Sink

Sink

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted March 26, 2018. ; https://doi.org/10.1101/288506doi: bioRxiv preprint 



 
Figure 2: The analysis pipeline. Both genetic and epidemiological data can be collected and 
analyzed in order to understand parasite flow (with example data sets and methods listed above). 
Identifying how these two methods can be combined, directly related to policy relevant 
questions, and translated control measures will require the development of novel inference 
frameworks and designed studies (sampling framework) across a range of transmission settings.  
 
 
References 
 
1.	 WHO:	World	Malaria	Report	2017.	In.;	2017.	
2.	 Reiner	RC,	Jr.,	Perkins	TA,	Barker	CM,	Niu	T,	Chaves	LF,	Ellis	AM,	George	DB,	Le	Menach	

A,	Pulliam	JR,	Bisanzio	D	et	al:	A	systematic	review	of	mathematical	models	of	
mosquito-borne	pathogen	transmission:	1970-2010.	J	R	Soc	Interface	2013,	
10(81):20120921.	

3.	 Dalrymple	U,	Mappin	B,	Gething	PW:	Malaria	mapping:	understanding	the	global	
endemicity	of	falciparum	and	vivax	malaria.	BMC	Med	2015,	13:140.	

4.	 Bhatt	S,	Weiss	DJ,	Cameron	E,	Bisanzio	D,	Mappin	B,	Dalrymple	U,	Battle	K,	Moyes	CL,	
Henry	A,	Eckhoff	PA	et	al:	The	effect	of	malaria	control	on	Plasmodium	falciparum	in	
Africa	between	2000	and	2015.	Nature	2015,	526(7572):207-211.	

5.	 Ruktanonchai	NW,	DeLeenheer	P,	Tatem	AJ,	Alegana	VA,	Caughlin	TT,	Zu	Erbach-
Schoenberg	E,	Lourenco	C,	Ruktanonchai	CW,	Smith	DL:	Identifying	Malaria	
Transmission	Foci	for	Elimination	Using	Human	Mobility	Data.	PLoS	Comput	Biol	2016,	
12(4):e1004846.	

6.	 Tatem	AJ,	Smith	DL:	International	population	movements	and	regional	Plasmodium	
falciparum	malaria	elimination	strategies.	Proc	Natl	Acad	Sci	U	S	A	2010,	
107(27):12222-12227.	

7.	 Wesolowski	A,	Eagle	N,	Tatem	AJ,	Smith	DL,	Noor	AM,	Snow	RW,	Buckee	CO:	
Quantifying	the	impact	of	human	mobility	on	malaria.	Science	2012,	338(6104):267-
270.	

Genetic data

Epidemiological data

• SNP
• Short haplotypes
• Microsatellite
• Whole genome

• Date and location of 
clinical cases

• Population prevalence
• History of travel

Genetic measure of 
relatedness

Connectivity between 
subpopulations

• Population: FST, 
Jost’s D

• Individual: IBS, IBD
• ….

• Travel survey
• Gravity model
• Mobile phone data

• Transmission intensity
• Connectedness between 

populations
• Rate of importation

Epidemiologically 
relevant metrics

• Effect of IRS on 
community A

• Spatial scope of 
coordinated interventions

• Where is local 
transmission interrupted?

Impact on decision 
making

Data Methods Translation

Sampling framework

??

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted March 26, 2018. ; https://doi.org/10.1101/288506doi: bioRxiv preprint 

https://doi.org/10.1101/288506


8.	 Smith	DL,	Dushoff	J,	Snow	RW,	Hay	SI:	The	entomological	inoculation	rate	and	
Plasmodium	falciparum	infection	in	African	children.	Nature	2005,	438(7067):492-495.	

9.	 Guerra	CA,	Reiner	RC,	Jr.,	Perkins	TA,	Lindsay	SW,	Midega	JT,	Brady	OJ,	Barker	CM,	
Reisen	WK,	Harrington	LC,	Takken	W	et	al:	A	global	assembly	of	adult	female	mosquito	
mark-release-recapture	data	to	inform	the	control	of	mosquito-borne	pathogens.	
Parasit	Vectors	2014,	7:276.	

10.	 Walker	PG,	Griffin	JT,	Ferguson	NM,	Ghani	AC:	Estimating	the	most	efficient	allocation	
of	interventions	to	achieve	reductions	in	Plasmodium	falciparum	malaria	burden	and	
transmission	in	Africa:	a	modelling	study.	Lancet	Glob	Health	2016,	4(7):e474-484.	

11.	 Nikolov	M,	Bever	CA,	Upfill-Brown	A,	Hamainza	B,	Miller	JM,	Eckhoff	PA,	Wenger	EA,	
Gerardin	J:	Malaria	Elimination	Campaigns	in	the	Lake	Kariba	Region	of	Zambia:	A	
Spatial	Dynamical	Model.	PLoS	Comput	Biol	2016,	12(11):e1005192.	

12.	 Wesolowski	A,	Buckee	CO,	Engo-Monsen	K,	Metcalf	CJE:	Connecting	Mobility	to	
Infectious	Diseases:	The	Promise	and	Limits	of	Mobile	Phone	Data.	J	Infect	Dis	2016,	
214(suppl_4):S414-S420.	

13.	 Marshall	JM,	Toure	M,	Ouedraogo	AL,	Ndhlovu	M,	Kiware	SS,	Rezai	A,	Nkhama	E,	Griffin	
JT,	Hollingsworth	TD,	Doumbia	S	et	al:	Key	traveller	groups	of	relevance	to	spatial	
malaria	transmission:	a	survey	of	movement	patterns	in	four	sub-Saharan	African	
countries.	Malar	J	2016,	15:200.	

14.	 Wesolowski	A,	Stresman	G,	Eagle	N,	Stevenson	J,	Owaga	C,	Marube	E,	Bousema	T,	
Drakeley	C,	Cox	J,	Buckee	CO:	Quantifying	travel	behavior	for	infectious	disease	
research:	a	comparison	of	data	from	surveys	and	mobile	phones.	Sci	Rep	2014,	4:5678.	

15.	 Koepfli	C,	Mueller	I:	Malaria	Epidemiology	at	the	Clone	Level.	Trends	Parasitol	2017,	
33(12):974-985.	

16.	 Daniels	RF,	Schaffner	SF,	Wenger	EA,	Proctor	JL,	Chang	HH,	Wong	W,	Baro	N,	Ndiaye	D,	
Fall	FB,	Ndiop	M	et	al:	Modeling	malaria	genomics	reveals	transmission	decline	and	
rebound	in	Senegal.	Proc	Natl	Acad	Sci	U	S	A	2015,	112(22):7067-7072.	

17.	 Dudas	G,	Carvalho	LM,	Bedford	T,	Tatem	AJ,	Baele	G,	Faria	NR,	Park	DJ,	Ladner	JT,	Arias	
A,	Asogun	D	et	al:	Virus	genomes	reveal	factors	that	spread	and	sustained	the	Ebola	
epidemic.	Nature	2017,	544(7650):309-315.	

18.	 Lemey	P,	Rambaut	A,	Bedford	T,	Faria	N,	Bielejec	F,	Baele	G,	Russell	CA,	Smith	DJ,	Pybus	
OG,	Brockmann	D	et	al:	Unifying	viral	genetics	and	human	transportation	data	to	
predict	the	global	transmission	dynamics	of	human	influenza	H3N2.	PLoS	Pathog	2014,	
10(2):e1003932.	

19.	 Chang	HH,	Moss	EL,	Park	DJ,	Ndiaye	D,	Mboup	S,	Volkman	SK,	Sabeti	PC,	Wirth	DF,	
Neafsey	DE,	Hartl	DL:	Malaria	life	cycle	intensifies	both	natural	selection	and	random	
genetic	drift.	Proc	Natl	Acad	Sci	U	S	A	2013,	110(50):20129-20134.	

20.	 Miotto	O,	Almagro-Garcia	J,	Manske	M,	Macinnis	B,	Campino	S,	Rockett	KA,	Amaratunga	
C,	Lim	P,	Suon	S,	Sreng	S	et	al:	Multiple	populations	of	artemisinin-resistant	
Plasmodium	falciparum	in	Cambodia.	Nat	Genet	2013,	45(6):648-655.	

21.	 Patterson	N,	Price	AL,	Reich	D:	Population	structure	and	eigenanalysis.	PLoS	Genet	
2006,	2(12):e190.	

22.	 Wright	S:	The	genetical	structure	of	populations.	Annals	of	eugenics	1951,	15(4):323-
354.	

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted March 26, 2018. ; https://doi.org/10.1101/288506doi: bioRxiv preprint 

https://doi.org/10.1101/288506


23.	 Mu	J,	Awadalla	P,	Duan	J,	McGee	KM,	Joy	DA,	McVean	GA,	Su	XZ:	Recombination	
hotspots	and	population	structure	in	Plasmodium	falciparum.	PLoS	Biol	2005,	
3(10):e335.	

24.	 Neafsey	DE,	Schaffner	SF,	Volkman	SK,	Park	D,	Montgomery	P,	Milner	DA,	Jr.,	Lukens	A,	
Rosen	D,	Daniels	R,	Houde	N	et	al:	Genome-wide	SNP	genotyping	highlights	the	role	of	
natural	selection	in	Plasmodium	falciparum	population	divergence.	Genome	Biol	2008,	
9(12):R171.	

25.	 Frost	SD,	Pybus	OG,	Gog	JR,	Viboud	C,	Bonhoeffer	S,	Bedford	T:	Eight	challenges	in	
phylodynamic	inference.	Epidemics	2015,	10:88-92.	

26.	 Chang	HH,	Dordel	J,	Donker	T,	Worby	CJ,	Feil	EJ,	Hanage	WP,	Bentley	SD,	Huang	SS,	
Lipsitch	M:	Identifying	the	effect	of	patient	sharing	on	between-hospital	genetic	
differentiation	of	methicillin-resistant	Staphylococcus	aureus.	Genome	medicine	2016,	
8(1):18.	

27.	 Taylor	AR,	Schaffner	SF,	Cerqueira	GC,	Nkhoma	SC,	Anderson	TJC,	Sriprawat	K,	Pyae	
Phyo	A,	Nosten	F,	Neafsey	DE,	Buckee	CO:	Quantifying	connectivity	between	local	
Plasmodium	falciparum	malaria	parasite	populations	using	identity	by	descent.	PLoS	
Genet	2017,	13(10):e1007065.	

28.	 Pritchard	JK,	Stephens	M,	Donnelly	P:	Inference	of	population	structure	using	
multilocus	genotype	data.	Genetics	2000,	155(2):945-959.	

29.	 Schaffner	SF,	Taylor	AR,	Wong	W,	Wirth	DF,	Neafsey	DE:	hmmIBD:	software	to	infer	
pairwise	identity	by	descent	between	haploid	genotypes.	bioRxiv	2017.	

30.	 Henden	L,	Lee	S,	Mueller	I,	Barry	A,	Bahlo	M:	Detecting	Selection	Signals	In	Plasmodium	
falciparum	Using	Identity-by-Descent	Analysis.	bioRxiv	2016.	

31.	 Lawson	DJ,	Hellenthal	G,	Myers	S,	Falush	D:	Inference	of	population	structure	using	
dense	haplotype	data.	PLoS	Genet	2012,	8(1):e1002453.	

32.	 Chang	HH,	Park	DJ,	Galinsky	KJ,	Schaffner	SF,	Ndiaye	D,	Ndir	O,	Mboup	S,	Wiegand	RC,	
Volkman	SK,	Sabeti	PC	et	al:	Genomic	sequencing	of	Plasmodium	falciparum	malaria	
parasites	from	Senegal	reveals	the	demographic	history	of	the	population.	Molecular	
biology	and	evolution	2012,	29(11):3427-3439.	

33.	 Daniels	R,	Chang	HH,	Sene	PD,	Park	DC,	Neafsey	DE,	Schaffner	SF,	Hamilton	EJ,	Lukens	
AK,	Van	Tyne	D,	Mboup	S	et	al:	Genetic	surveillance	detects	both	clonal	and	epidemic	
transmission	of	malaria	following	enhanced	intervention	in	Senegal.	PloS	one	2013,	
8(4):e60780.	

34.	 Obaldia	N,	3rd,	Baro	NK,	Calzada	JE,	Santamaria	AM,	Daniels	R,	Wong	W,	Chang	HH,	
Hamilton	EJ,	Arevalo-Herrera	M,	Herrera	S	et	al:	Clonal	outbreak	of	Plasmodium	
falciparum	infection	in	eastern	Panama.	The	Journal	of	infectious	diseases	2015,	
211(7):1087-1096.	

35.	 Omedo	I,	Mogeni	P,	Bousema	T,	Rockett	K,	Amambua-Ngwa	A,	Oyier	I,	J	CS,	A	YB,	de	
Villiers	EP,	Fegan	G	et	al:	Micro-epidemiological	structuring	of	Plasmodium	falciparum	
parasite	populations	in	regions	with	varying	transmission	intensities	in	Africa.	
Wellcome	Open	Res	2017,	2:10.	

36.	 Zhu	SJ,	Almagro-Garcia	J,	McVean	G:	Deconvolution	of	multiple	infections	in	
Plasmodium	falciparum	from	high	throughput	sequencing	data.	Bioinformatics	2018,	
34(1):9-15.	

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted March 26, 2018. ; https://doi.org/10.1101/288506doi: bioRxiv preprint 

https://doi.org/10.1101/288506


37.	 Chang	HH,	Worby	CJ,	Yeka	A,	Nankabirwa	J,	Kamya	MR,	Staedke	SG,	Dorsey	G,	Murphy	
M,	Neafsey	DE,	Jeffreys	AE	et	al:	THE	REAL	McCOIL:	A	method	for	the	concurrent	
estimation	of	the	complexity	of	infection	and	SNP	allele	frequency	for	malaria	
parasites.	PLoS	computational	biology	2017,	13(1):e1005348.	

38.	 Escalante	AA,	Ferreira	MU,	Vinetz	JM,	Volkman	SK,	Cui	L,	Gamboa	D,	Krogstad	DJ,	Barry	
AE,	Carlton	JM,	van	Eijk	AM	et	al:	Malaria	Molecular	Epidemiology:	Lessons	from	the	
International	Centers	of	Excellence	for	Malaria	Research	Network.	Am	J	Trop	Med	Hyg	
2015,	93(3	Suppl):79-86.	

39.	 Sisya	TJ,	Kamn'gona	RM,	Vareta	JA,	Fulakeza	JM,	Mukaka	MF,	Seydel	KB,	Laufer	MK,	
Taylor	TE,	Nkhoma	SC:	Subtle	changes	in	Plasmodium	falciparum	infection	complexity	
following	enhanced	intervention	in	Malawi.	Acta	Trop	2015,	142:108-114.	

40.	 Mobegi	VA,	Loua	KM,	Ahouidi	AD,	Satoguina	J,	Nwakanma	DC,	Amambua-Ngwa	A,	
Conway	DJ:	Population	genetic	structure	of	Plasmodium	falciparum	across	a	region	of	
diverse	endemicity	in	West	Africa.	Malar	J	2012,	11:223.	

41.	 Cerqueira	GC,	Cheeseman	IH,	Schaffner	SF,	Nair	S,	McDew-White	M,	Phyo	AP,	Ashley	
EA,	Melnikov	A,	Rogov	P,	Birren	BW	et	al:	Longitudinal	genomic	surveillance	of	
Plasmodium	falciparum	malaria	parasites	reveals	complex	genomic	architecture	of	
emerging	artemisinin	resistance.	Genome	Biol	2017,	18(1):78.	

42.	 Parobek	CM,	Parr	JB,	Brazeau	NF,	Lon	C,	Chaorattanakawee	S,	Gosi	P,	Barnett	EJ,	Norris	
LD,	Meshnick	SR,	Spring	MD	et	al:	Partner-Drug	Resistance	and	Population	
Substructuring	of	Artemisinin-Resistant	Plasmodium	falciparum	in	Cambodia.	Genome	
Biol	Evol	2017,	9(6):1673-1686.	

43.	 Kumar	S,	Mudeppa	DG,	Sharma	A,	Mascarenhas	A,	Dash	R,	Pereira	L,	Shaik	RB,	Maki	JN,	
White	J,	3rd,	Zuo	W	et	al:	Distinct	genomic	architecture	of	Plasmodium	falciparum	
populations	from	South	Asia.	Mol	Biochem	Parasitol	2016,	210(1-2):1-4.	

44.	 Larremore	DB,	Sundararaman	SA,	Liu	W,	Proto	WR,	Clauset	A,	Loy	DE,	Speede	S,	
Plenderleith	LJ,	Sharp	PM,	Hahn	BH	et	al:	Ape	parasite	origins	of	human	malaria	
virulence	genes.	Nat	Commun	2015,	6:8368.	

45.	 Oyola	SO,	Ariani	CV,	Hamilton	WL,	Kekre	M,	Amenga-Etego	LN,	Ghansah	A,	Rutledge	GG,	
Redmond	S,	Manske	M,	Jyothi	D	et	al:	Whole	genome	sequencing	of	Plasmodium	
falciparum	from	dried	blood	spots	using	selective	whole	genome	amplification.	Malar	
J	2016,	15(1):597.	

 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted March 26, 2018. ; https://doi.org/10.1101/288506doi: bioRxiv preprint 

https://doi.org/10.1101/288506

